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ABSTRACT
This work is concerned with the stress/failure analysis for the three-lug
dovetail section of a Westinghouse 1000 MV LP steam turbine that rotates at
1800 rpm. Overcut of the dovetail alters the contact area and stress between
the lugs and mating parts of the blade. Amplification of local stresses and
energy densities would result thus increasing the chances of failure by fracture.
Predictions are in agreement with crack patterns observed in service.
In VIew of the assumptions made on the contact area, only qualitative
assessment of the dovetail failure behavior could be made. Four different
loading conditions are considered for the regular size dovetail and narrow size
(with overcut) dovetail with centrifugal force being the dominant external force.
Locations of crack initiation and trajectory are predicted by application of the
strain energy density criterion where regions of high distortion and dilatation
are carefully distinguished. The former is identified with yielding and latter
with fracture. A failure instability is also found from the local and global
stationary values of the energy density function. The size of a core region is
determined from the equivalence of dilatational and distortional energy density.
This provides a limiting distance from the free surface. Indeed, the overcut
dovetail is found to be more vulnerable in failure by fracture initiating from the
reentrant corner of the lug. A large failure instability index is also predicted
which suggests complete fracture of the lug ligament if the maximum of the
minimum energy density would reach the critical value. These findings support
the method of approach while additional investigation is required to finalize the
conclusion.
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Among the factors to be considered are determination of the contact area
and stress between the mating portions of the dovetail and blade; they depend
on the amount of overcut and loading conditions. The available local energy to
initiate and/or create cracks would be influenced by plastic deformation. A
quantitative assessment of the failure behavior would require an elastic-plastic
analysis of the problem in addition to including the local deformation of the
blade.
2
CHAPTER 1 - INTRODUCTION
As demand in the generation of electricity increases, the SIze of steam
turbine increases accordingly. Unit capacity of more than 1000 MW are in use.
Substantial financial commitment is involved in addition to the risk of failure
that could cause disruption of power supply. Catastrophic fracture of high
speed turbine blades and/or rotors has the potential to endanger human life. A
case in point is the accident of Hinkley Point A nuclear power station in the
UK where a low pressure (LP) rotor suffered catastrophic failure during an
overspeed trip test followed by desynchronization. Fracture occurred in the
keyways [1]. This is a special concern in nuclear power plants where turbine
blade or rotor fragments could also damage nearby safety-related structures.
Special precautions must, therefore, be taken to guard against such accidents.
The U.S. Nuclear Regulatory Commission (NRC) Guide No. 1.115 requires that
structures, systems and components important to safety be appropriately
protected from high speed fragments that might cause equipment failure [2J.
Design life of stearn turbines is forty (40) years. Metal components are
proned to age and fatigue such that defects or cracks would likely to initiate
and spread at locations of high stress or energy elevation. Small and hidden
cracks can often be overlooked from non-destructive inspection. Cracks at the
dovetail section of the turbine rotor are known [3J to be randomly distributed at
different lug. The cause of their appearance is due to a combined number of
factors and cannot simply be attributed to manufacturing defects. One of the
common locations is the notch region where stress or energy concentration
prevails. Undetected cracks have known to propagate radially inward or
3
slightly slanted with reference to the tangent line of the rotor. Stress cycling,
creep deformation, environment-assisted corrosion contributed to crack growth
while, in some cases, problems could be traced to design and manufacturing.
In view of past experience, particular attention is given to the stress and
failure analysis of the dovetail section which corresponds to the area where the
turbine blade is attached to the rotor. This section bears the load transferred
from the blade during operation [4]. This geometry of the dovetail is
complicated as it may contain a number of reentrant corners or notches.
Estimate on-the bearing loads entails consideration of the gap and friction
between the blade root and dovetail that are subject to variations by the
manufacturing process and changes under loading. A slight misfit could shift a
greater portion of the load on certain lug that could result in premature failure.
The sensitivity of load distribution on failure site deserves consideration.
Since non-destructive inspection cannot pick up all defects, a knowledge of
potential sites of crack initiation is necessary not only to test the validity of the
design methodology but also to develop more effective inspection procedure.
More precisely, the location of the initial crack should not be assumed as a
priori; it should be determined from a criterion. Consistency in predicting
failure initiation, subcritical growth and final termination should be observed.
Such an approach has not been practiced in all of the previous works on turbine
blade and/or rotor analyses [1-7]. To this end, the strain energy density
criterion [8,9] is employed in this dissertation to analyze the possible failure
characteristics of a second stage dovetail of a 1000 MW LP turbine (1800 rpm)
4
used in nuclear power plant. Changes in the location of failure due to alteration
in dovetail dimensions are investigated. The specific geometry under
consideration is a three-step dovetail; it contains three notches with different
radius of curvature. Unlike previous analysis [7] where failure is assumed to
coincide with the loci of the effective stresses that are known for determining
region of distortion, the strain energy density criterion could simultaneously
account for the sites of yielding and fracture. Trajectories of potential crack
path are found from the local and global stationary values of the strain energy
density function. Predictions are compared with typical cracks in turbine
rotors. Qualitative agreement is encouraging and suggests that the present
approach is promising although additional work is required to achieve a more
complete understanding of turbine rotor failure.
5
CHAPTER 2 - FAILURE PREDICTION BASED ON STRAIN ENERGY
DENSITY CRITERION
Since classical continuum mechanics theories are not sufficient to address
the time history of material damage, failure criteria must, in general, be
supplemented for predicting the terminal state of structural components.
Yielding and fracture are the two basic mechanisms of failure modes; they occur
one after the other at a given location and should be considered accordingly.
That is, most engineering materials would first distort as load is increased while
dilating at the same time until volume change tends to dominate leading to
complete material separation. The rate at which the damage process takes
place depends on the load, geometry and material type. These three factors
must therefore be accounted for simultaneously in the stress and failure
analysis. It is for the foregoing reasons that the strain energy density criterion
[8,9] has been chosen.
2.1 Stationary Values of Energy Density Function
The development of continuum mechanics theories relies on the assumption
of continuity such that the governing equations are the same for each element
in the continuum with volume A bounded by the surface~. It, therefore,
suffices to focus attention on any element, say L1xL1y, in two dimensions as
shown in Figure 2.1. The state of stress is characterized by the stress
components ITx , lTy and ITxy while the value of ITz would depend on the
dimension of the body in the z-direction. For an isotropic, homogeneous and
elastic body, the energy stored in a unit volume of material is given by
6
SUrface: I:
l~x VOIUm'_A --\\I
Figure 2.1 - Schematic of a continuum in two dimensions.
d\iV 1+ v [1 - v (2 2 ) 2 ]dV = -r -2- lTx+lTy - VlTxlTy+lTxy (2.1 )
in which E and v are, respectively, the Young's modulus and Poisson's ratio. In
general, dWjdV would vary as a function of the space variables (x,y). That is,
many maxima and minima of dW j dV would prevail in the region A. A
constant dWjdV contour plot such as that shown in Figure 2.2 can always be
obtained. The numbers 1,2, ... ,9 correspond to the order with which dWjdV
increase in magnitude. For simplicity, it suffices to illustrate the idea by
considering only three maxima at A, Band C and three minima at D, E and F.
Since the value of (dWjdV)max at A is larger than those at Band C, a
maximum of the maxima (dWjdV)~~i is located at A with reference to the
fixed coordinates (x,y). Similarly, comparing the minima (dWjdV)min at D, E
and F, a maximum of minima (dWjdV)m~x is found to occur at D. An
mm
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A: (dW/ dV)~~~
B
D: (dW/dV)~~~
c
Figure 2.2 - Contours of constant strain energy density function.
elevation plot of dWjdV in terms of x and y is displayed in Figure 2.3; it
clearly illustrates the peaks and valleys of the energy density field.
The strain energy density criterion [8,9] IS based on the following
hypothesis:
• Failure initiation by fracture and yielding is assumed to coincide with
locations of the maximum of (dW j dV)min and (dW j dV)max denoted as
(dWjdV)mitx and (dWjdV)maxmIll max·
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o Failure by fracture and yielding is assumed to occur when (dW/ dV)min
and (dW/ dV)max reach their respective critical values, say (dW/ dV)c and
(dW/dV)y.
>
<J
""'--3:
<J
>-
Vl
C
OJ
<J
>-
OJ
L
OJ
C
W
0
0: (dW/ dV):~~
/
Figure 2.3 - Peaks and valleys of the energy density function referred to the
(x,y) variables.
The quantities (dW/ dV)y and (dW/ dV)c correspond to the area under the true
stress and strain curve at yield and fracture, respectively. For a linear elastic
material where the onset of yield and fracture would coincide: (dW/dV)y =
(dWIdV)c· It would be overly conservative to use (dWIdV)y as the threshold
9
because local elements in a continuum would yield even though the overall
behavior may remain elastic. The quantity
(2.2)
can be used with f C being the critical strain. More details on this will follow.
2.2 Local and Global Reference States
While (dW/dV)~i: determines the location of failure initiation by
fracture, additional information on the crack trajectory can be obtained by
considering the local and global maximum of the minimum of dW/dV. The
quantity (dW/dV)~i; at D in Figures 2.2 and 2.3 would be regarded as the
global reference since all elements are referred to a fixed coordinate system
(x,y). Figure 2.4 shows specifically how the local coordinates (xl'Yl)'
(x2'Y2),···,(xn,yn) differ from the global coordinates. At each point 01,02, ... ,On,
there possesses a unique pair of local maximum of maximum [(dW/dV)m~~]L
and maximum of minimum [(dW/dV)~i;]L" Refer to Figure 2.5. They are
obtained by plotting dW/dV against the angle 8. (j = 1,2, ... ,n) for a fixed value
. J ..
of ro, the selection of which will be discussed subsequently. The distance e
between [(dW/ dV)~i;]L and [(dW/ dV)~i;]G gives the path of failure by
fracture [10]. Figure 2.6 shows the locations of the lines OL with angle - 80 and
OG with - <1>0. The reference point °is on the notch boundary while L is on a
semi-circle with radius ro which has been frequently referred to as the core
10
I • • ,
_._. - . . ' . .
Surface: l:
Yi~.I
a 8 1 0
0\ x· G,
o
Volume: A
Y R
e
o "-----'---- X
Global coordinates
Figure 2.4 - Local coordinate systems in a continuum.
>
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-UJ
C
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-0
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L
Q)
C
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C
0
L
-(f) a
Angle e
Figure 2.5 - Angular variations of strain energy density function for a fixed
radial distance.
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regIOn. Stationary values of dW/ dV are evaluated in the region A excluding the
surface.
.--Surface: I;
Region: /\.
Notch Boundary
Figure 2.6 - Prediction on path of failure by fracture.
2.3 Crack Energy Release Force
Since [(dW/dV)~i~~k is always larger than [(dW/dV)~i;]G' crack
initiation occurs at L and spreads toward G shown in Figure 2.6. The difference
between the energy density states at Land G would be proportional to the
driving force, say S, for creating the crack. Suppose that dW/dV varies with
the distance r from L to G as indicated in Figure 2.7. Then the area of the
.--'
differential element dS is given by
dWdS = dV . dr
12
(2.3)
[(dW / dV)~~JL
I
i
dW
-dV
I
L
r-1l-dr ~Ie
Figure 2.7 - Variations of energy density along the prospective path of fracture.
Equation (2.3) can thus be integrated to give
\
I
/"
e
S = f ~\Y(r) . dr
o
(2.4)
The units of S are the same as the energy release rate quantity used in the
classical theory of fracture mechanics.
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CHAPTER 3 - CONTINUUM DISCRETIZATION BY FINITE ELEMENTS
The shapes of many structural components are complex and are not
conducive to closed form or analytical solutions. Instead, the continuum may
be analyzed by dividing it into many elements that are connected by nodes
through which displacements and forces are transmitted. A functional is
defined for each element such that it can be minimized to yield a best
approximation solution. Such a procedure is known as the finite method, a
C>
detailed discussion of which can be found in [11,12].
3.1 Isoparametric Mapping
A system of, irregularly-shaped elements could be used to discretize any
continuum configuration. These elements can then be mapped into a system of
unit elements to simplify the bookkeeping procedure. Figures 3.1(a) and 3.1(b)
show, respectively, the twelve (12) node isoparametric element in the physical
and transformed plane, respectively. Note that the coordinates of the element
in the mapped plane at the corners are ~ = ± 1 and 1] = ± 1. The side nodes
are evenly placed at 1/3 of the distance from the corner. A salient feature of
the transformation is that the same shape function Ni(~,1]) (i = 1,2,... ,12) can be
used to relate the coordinates (x,y) and displacements (ux,Uy) to their
corresponding nodal values, say (xiS) and [(ux)i,(uY)i]' The following
expressions, therefore, prevail:
12
x = L Ni(~,1])xi'
i=l
12
Y = L Ni(~,1])Yi
i = 1
14
(3.1)
y, U y
7
2 3
x, Ux
0
y (a) Physical plane
S
(-1/3,1) (1/3,1)
9 8 (1 ,1 )(-1,1) 10 - - 7~
(-1,1/3) 11
(-1,-1/3) 12
6 (1,1/3)
0'------+---- 11
~ 5 (1,-1/3)
(-1,-1)
2 3 4
(1,-1)
x
oL-.----------------------
(b) Mapped plane
Figure 3.1 - Coordinates of 12 node isoparametric element in physical and
transformed plane.
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The same applies to the displacements
12 12
Ux = I: Ni(~,7J)(uX)i' uy = I: Ni(~,7J)(Uyh
i=1 i=1
(3.2)
The shape functions N/~,7J) for the corner nodes (i = 1,4,7,10) are given by
while those for the side nodes take the expressions
N2 = 9/32 (1-7J)(1-e)(1-3()
N3 = 9/32 (1-7])(1- e)(1+3~)
16
(3.3)
Ng = 9/32 (1+1))(1-e)(1+3~)
3.2 Linear Stress and Strain Relation
(3.4)
For plane strain, all of the z-component strains vanish. There prevail only
the nonzero components EX' Ey and IXy which can be related to the
displacement gradients as
wJ:;t
l/xyJ
aux
ax
auy
ay
aux auy
ay + ax
(3.5)
Substituting equations (3.2) into equations (3.5) and writing the result III
matrix form, the result is
in which the component B· stand for
1
17
(3.6)
aN·1 0ax'
aN.[Bi ] = 0, 1 (3.7)ay
aN. aN.
1 1
ay' ax
In equation (3.6), {£} is the nodal displacement vector defined as
(3.8)
For a linear elastic, isotropic, and homogeneous medium, the material matrix is
I-v, v, 0
[D] - E v, I-v, 0 (3.9)
- (l+v)(1-2v)
0, 0, 1- 2v
-2-
where E is the Young's modulus and v the Poisson's ratio. The stress and
strain relation follows:
{d = [D]W
3.3 Evaluation of Nodal Displacements
(3.10)
The unknowns in the finite element analysis are the nodal point
displacements (ux)i and (uY)i or simply the vector {£} as stated in equation
(3.8). Application of the principle of virtual work yields the governing
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differential equation in matrix form [11,12J:
[M] {Q} + [K] {£} = {;E}
with [M] being the mass matrix. The equivalent load matrix {E} is
(3.11)
(3.12)
The volume and surface of the continuum are denoted by A and I;, respectively,
as shown in Figure 2.1. In equation (3.12), ;Eb and ;Es are, respectively, the
body and surface force vector. The stiffness matrix [K] in equation (3.11) is
given by
[KJ = ff [B]T[D][BJhdxdy (3.13)
where h is the thickness dimension of the plane body. Computation of [KJ is
carried out in terms of the variables ~ and TJ such that equation (3.13) is
expressed as
1 1
[KJ = f f Q(~,TJ)d(dTJ
-1-1
in which Q((,TJ) stands for
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(3.14)
(3.15)
The Jacobian is defined as
r
ox oyl[J] = oC o~
ox oy
07]' 07]
whose inverse is
lOy oy jJ -1 _ 1 07]' - a~[] - ~fjz_~fjz _ox axo~ 07] 07] o~ 07]' o~
Transformation of the differential area takes the form
dxdy = det[J]d~d7]
(3.16)
.(3.17)
(3.18)
In view of equations (3.1) and (3.2), equation (3.16) may also be written as
(J]=
12 oNi 12 oNi
. I: ar xi' . I: ar yi
1=1 1=1
12 aN· 12 oN·
. I: 07]1 Xi' . I: or/ Yi
1=1 1=1
(3.19)
Change of independent variables for differentiation is accomplished as
[
ON.] [ON.1 1a~ ox
oNi = [J] aNi
aT] oy
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(3.20)
The Gauss-Legendre quadrature scheme is then applied for computing [K]
numerically. This procedure assumes that
(3.21 )
Sixteen (16) Gaussian points can thus be embedded in each of the twelve (12)
node isoparametric element such that
~2 = - ~3 = 0.339981043584856, TJ2 = - TJ3 = 0.339981043584856
(3.22)
~l = - ~4= 0.861136311594053, TJl = - TJ4 = 0.861136311594053
The value Hj (j = 1,2, ... ,4) in equation (3.21) are
HI = H4 = 0.347854845137454
(3.23)
H2 = H3 = 0.652145154862546
As the numerical values of {£} are obtained from equation (3.11), the quantities
of interest such as {!::,} follows from equations (3.6) while {£} follows
subsequently from equation (3.10).
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CHAPTER 4 - PROBLEM STATEMENT AND METHOD OF SOLUTION
Reliability is a primary concern for the operation of steam turbine. Design
factors such as service load, pressure and temperature are weighed differently
depending on the pressure level. Referred to are the three classifications: high
pressure (HP), intermediate pressure (IP), and low pressure (LP). For the HP
and IP turbines of fossil-fixed reheat units, important considerations are given
to the high-strain thermal fatigue arising from startups, shutdowns, and load
alternations combined with creep. Transient thermal stresses and creep are less
severe for HP turbines in nuclear power plants where they operate with lower
temperature saturated steam. Of concern for the LP turbine are centrifugal
load, torque, vibration and corrosion regardless of whether it is used in the
fossil-fired or nuclear power plant. Many of the aforementioned factors are, of
course, interconnected; they cannot be isolated as the only consideration in
design.
Failure of a steam turbine can range from excessive local deformation to
complete rupture of the unit. Turbine blades may be warped causing them to
rub against the casing. Severe degradation in performance is undesirable even
though fracture failure at large is not involved. In order to avoid the event of
catastrophic failure, consideration on the site of failure initiation should be
made at the design stage or at the interim stage when subcritical cracking has
been discovered. This requires a sufficiently accurate stress analysis in addition
to the appropriate selection of a failure criterion. Based on past experience, the
section of the rotor where the blades are installed is a site of frequent fracture.
It is shaped like a dovetail having single or multiple steps. The local region is
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stressed by the centrifugal forces and those from the steam all of which are
transmitted through the blade. These forces vary [5] during the operatiq~":,of
the turbine; they must be correctly estimated before a meaningful analysis
could be performed. Particular attention will be given to possible loading
conditions in addition to changes in the dimensions of the dovetail section.
4.1 Past Observation
Consider a turbine blade/rotor section as shown in Figure 4.1. It displays
the three-step dovetail portion. Each protruded portion of the dovetail is
referred to as the "lug". A reentrant corner or notch prevails at each lug where
the stresses are expected to be high. Under ideal conditions, the center line of
the blade would coincide with a radial line of the rotor. As the rotor is driven
by steam ejected to the blade, a slight off alignment is expected as the
clearance between the fittings of the blade and rotor is taken up.
Past experience from the electric power industry has learned that all cracks
are generated from the reentrant corners at the dovetail section of LP turbine
rotors. The results of a survey by the Electric Power Research Institute (EPRI)
[1] and Southwest Research Institute (SWRI) [6] are summarized in Figures
4.2(a), 4.2(b) and 4.2(c) which correspond to turbines made, respectively, by
Westinghouse, General Electric and Allis Chalmers. Two types of cracks can be
identified. Type I refers to cracks that are nearly tangent to the rotor while
type II corresponds to cracks that propagate radially. These variations are due
to:
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Dovetail
J<f Rotor center---L____________ _ _
Figure 4.1 - Schematic of blade/rotor dovetail section.
• Overcut or undercut of the dovetail geometry. Because replacement of a
rotor is so expensive and undermines delivery schedule, the utility is frequently
requested to accept the off-tolerance product.
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Type IT
cracks
(a) Westinghouse
Type I
crack
Rotor
(b) General Electric
Type I
crack
Type IT
crack
--Rotor rotation
(c) Allis Chalmers
,',
Figure 4.2 - Location of cracks in dovetail section of low pressure (LP) turbine
rotors.
o Stress concentrations at the reentrant corners of the dovetail are
aggravated by environmentally-assisted corrosion or erosion. This enhances
crack growth in time.
The two aforementioned factors attribute to the different size and direction of
crack propagation.
4.2 Specification of Loading, Dovetail Geometry and Material
To be analyzed in this work is a three-step dovetail section as illustrated in
Figure 4.1. It corresponds to the second stage of a 1000 MW LP turbine with
speed of 1800 rpm for nuclear power plants. Westinghouse is the manufacturer.
Mechanical and Fracture Properties. The material of the dovetail is made
of 3.5% NiCrMoV steel, the specification of which can be found in ASTM A470.
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The blade is made of AISI 403 steel. Their mechanical properties are given in
Table 4.1. The true stress and true strain curve for the dovetail material can
Table 4.1 - Mechanical properties of dovetail and blade
Component Material Poisson's Young's Yield Ultimate
Description Type Ratio v Modulus Strength Strength
Ex 105 (MPa) !Jys (MPa) !Jut (MPa)
Dovetail ASTM 0.3 2.068 551.6 758.4
A470
Blade AISI 0.3 2.000 586.1 758.5
403
be found in Figure 4.3. Equation (2.2) can thus be applied to obtain the critical
strain energy density function for the dovetail. The result is 8.27 MPa. What
should be noted is that (dW/dV)c contains two portions (dW/dV)p and
(dW/dV)~ as [13]
(4.1 )
where (dW/dV)p corresponds to that dissipated in plastic deformation. Only
(dW/ dV)~ is available to produce fracture surface. Suppose that the line FG in
Figure 4.3 is parallel to the initial linear portion of the curve, then (dWIdV)~
can be calculated from the area of the triangle FGF', i.e.,
(4.2)
Note that FF' corresponds to the ultimate strength !Jut = 758.4 MPa in Table
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Figure 4.3 - True stress and true strain curve of NiCrMoV steel.
4.1 and GF' can be obtained from
GF' = lTBt = ~8~:§ x 10- 3 = 3.667 X 10- 3 (4.3)
It follows from equation (4.2) that
(~zy)~ = ~ (758.4)(3.667) X 10- 3 = 1.391 MPa (4.4)
which is much less than (dW jdV)c as expected. Summarized in Table 4.2 are
the fracture properties of the 3.5% NiCrMoV steel.
27
Table 4.2 - Fracture properties of 3.5% NiCrMoV steel for the dovetail
Fracture
toughness
K1c MPa'-lill
219.8
Critical total energy density
(dWjdV)c (MPa)
8.27
Available energy density
(dWjdV)~ (MPa)
1.39
At the onset of rapid fracture, the relationship
(4.5)
prevails where the critical strain energy density factor SC IS related to the
ASTM valid plane strain fracture toughness K1c as follows:
S _ (l + v)(l- 2v)Kic
c - 27fE (4.6)
Figure 4.4 illustrates the relation between (dW/ dVn and Sc through rc
corresponding to the last ligament of fracture at instability. An estimate of rc
can thus be obtained directly from equations (4.5) "and (4.6) as
(1 + v)(l- 2v) Kic
rc = 27fE (dW/dV)~ (4.7)
Keep in mind that the calculation of rc = 13.9 mm is based on assuming the
slope of FC being equivalent to E. The validity of the reasoning for estimating
rc can be found in previous work [14].
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Figure 4.4 - Graphical interpretation of the critical strain energy density factor.
Dovetail Geometry. Two types of dovetail geometries will be analyzed:
the regular and narrow where the distance from the root of the notch to the
center line is reduced approximately 50% as illustrated in Figures 4.5 and 4.6.
Because of the change in dimensions, the bearing loads on each of the lugs
would be affected. Considerations must therefore be given to account f~r such
effects.
Bearing Load Distributions. Referring to the blade/dovetail section in
Figure 4.1 as a free body, the external loads including those exerted by the
steam and rotation could be resolved into three force components Fx, Fy and
Fz concentrated at the mass center of the blade. One half of the dovetail can
be further isolated as shown in Figure 4.5 for the regular size dovetail and
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Figure 4.5 - Regular dovetail section with bearing loads on lugs.
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Figure 4.6 - Narrow dovetail section with bearing loads on lugs.
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Figure 4.6 for the narrowsize dovetail. Four different load distributions are
analyzed and referred to as Case (1), (2), (3) and (4). They are distinguished
by the factors fr· 0 = 1,2,3) for the regular dovetail and p. (j = 1,2,3) for the
J J
narrow dovetail. The indices j = 1,2,3 refer, respectively, to the top, middle
and bottom lug. Their numerical values are summarized in Table 4.3 for ITo =
53.52 MPa. Refer to Appendix A for the force calculations and Appendix B for
the local load distribution. The four cases in Table 4.3 can be summarized as
Table 4.3 - Load factors fr· and p. for each lug of the regular and narrow size
J J
dovetails with ITo = 53.52 MPa
Regular Dovetail fr· Narrow Dovetail p.
J t:: J(Lug position) (Lug position)
Case Top Middle Bottom Top Middle Bottom
No. 0=1) 0=2) 0=3) 0=1) (j=2) 0=3)
\_-- :\)
(1) 1.27 1.04 1.0 1.03 1.06 1.57
(2) 3.81 3.12 3.0 3.09 3.18 4.71
(3) 3.23 0 0 3.56 0 0
(4) 0 3.35 0 0 3.69 0
• Case (1) - normal design condition
• Case (2) - three (3) times the normal design condition
• Case (3) - abnormal condition with all loads distributed on the top lug
• Case (4) - abnormal condition with all loads distributed on the middle
lug
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In general, the bending effects are negligible when compared with those
introduced by the centrifugal force.
4.3 Numerical Approach
A finite element numerical approach presented in Chapter 3 is used to find
the stress distribution in the dovetail section for the four Cases (1), (2), (3) and
(4) as given in Table 4.3. In view of symmetry, only one-half of the geometry
in Figure 4.1 needs to be analyzed. Two sets of grid patterns are used: one for
the regular size and one for the narrow section dovetail.
Regular Size Dovetail. Figure 4.7 shows the grid pattern for the regular
size dovetail; it is divided into four subsections labelled as I, II, III and IV. The
discretization involves using 111 finite elements and 664 nodes. Displayed in
Figures 4.8 to 4.11 inclusive are the grid patterns for the three lugs and base as
referred to in Figure 4.7. The mesh size near the reentrant corners of the lugs is
more refined so as to improve the numerical accuracy of the results. More
specifically, these local regions are enlarged in Figures 4.12(a) to 4.12(c). They
correspond, respectively, to nodes 19,20, ... ,26 for lug 1; nodes 52,53, ... ,59 for lug
2; and nodes 89,90, ... ,96 for lug 3.
Narrow Section Dovetail. The narrow section dovetail contains 101
elements and 611 nodes, the grid pattern of which is shown in Figure 4.13. The
lug and notch geometries remain unchanged. As for the regular section
dovetail, the mesh size is reduced at regions where the stress and energy
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Figure 4.7 - Finite element grid pattern for regular dovetail with one-half
symmetry.
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Figure 4.8 - Finite element grid pattern for Section I (lug 1) of regular dovetail'
in Figure 4.7.
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Figure 4.9 - Finite element grid pattern for Section II (lug 2) of regular dovetail
in Figure 4.7.
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Figure 4.10 - Finite element grid pattern for Section III (lug 3) ofregular
dovetail in Figure 4.7.
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Figure 4.11 - Finite element grid pattern for Section IV (base) of regular
dovetail in Figure 4.7.
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476
Figure 4.12 - Enlarged grid patterns for local regions of high stress
concentrations: regular size dovetail.
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Figure 4.13 - Finite element grid pattern for narrow dovetail with one-half
symmetry.
concentration are expected t.; occur. Referring to Figures 4.14 to 4.16, those
elements and nodes with missing numbers can be found in Figures 4.18(a) to
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Figure 4.14 - Finite element grid pattern for Section I (lug 1) of narrow dovetail
in Figure 4.13.
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Figure 4.15 - Finite element grid pattern for Section II (lug 2) of narrow
dovetail in Figure 4.13.
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Figure 4.16 - Finite element grid pattern for Section III (lug 3) of narrow
dovetail in Figure 4.14.
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Figure 4.17 - Finite element grid pattern for Section IV (base) of narrow
dovetail in Figure 4.13.
4.18(c), respectively. They correspond to the reentrant corners at lugs 1, 2 and
3 where nodes 154,142'00.,101; 330,316,00.,272; and 535,519, ... ,478 are located.
4.4 Contact Length
The load bearing area where the lug comes into contact with the blade in
Figure 4.1 is not known. It can be calculated as a contact problem depending
on the load and material properties of the dovetail section and blade. An
44
104
132 @
305
101
272
@ @
157 @ 333 ® 316
330154
(a) Lug 1 (b) Lug 2
481
538
478
519
535
(c) Lug 3
Figure 4.18 - Enlarged grid patterns for local regions of high stress
concentrations: narrow size dovetail.
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approximate formula for the case of two identical parallel cylinders in contact
with l/ = 0.3 is used [15]. The contact length ( can be computed as .
fEK( = 2.16 ~ZtE (4.8)
The contact load per unit length is F jZt while R is the local radius of curvature
and Zt is the thickness dimension. Since the contact length ( for each lug is
different, the corresponding load F would also change. Hence the index j
1,2,3 would be used such that (. and F· apply to the different lugs:
J J
fFjR
Cj = 2.16 ~* (4.9)
For the configurations in Figure 4.1, R = 1.247m and Zt = 3.97m are used to
compute Cj . The values of Fj have already been found in Ap.cendix A; they are
given in Table 4.4. The exact location of the contact length C· is defined in
J
Table 4.5.
Table 4.4 - Contact forces Fj on lugs for regular and narrow size dovetail
Dovetail
type
Regular
Narrow
Lug 1
F1 (kN)
4.83
3.91
Lug 2
F2 (kN)
3.80
3.90
Lug 3
F3 (kN)
3.67
5.75
Once F· are known, C· can be found from equation (4.9), the results for E
J J
~ 2 X 105 MPa in Table 4.1 are given in Table 4.6 and compared with those
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Table 4.5 - Nodal points on contact length (. for regular and narrow size
dovetail J
Figure
No.
Regular
Narrow
Contact length
(1 (2 (3
86 to 1 257 to 188 463 to 394
(Figure 4.8) (Figure 4.9) (Figure 4.10)
86 to 1 257 to 188 483 to 394
(Figure 4.14) (Figure 4.15) (Figure 4.16)
Table 4.6 - Comparison of calculated and measured contact length (. for regular
and narrow size dovetail J
Dovetail Lug 1 Lug 2 Lug 3
type (1 (mm) (2 (mm) (3 (mm)
Regular 1.99 1.69 1.64
( 1.79)* (1.73) (1.73)
Narrow 1.75 1.70 2.02
( 1.79) ( 1.73) ( 1.73)
*Values in the parentheses are measured.
found experimentally [16].
4.5 Contact Stresses
The contact stresses (J". normal to the surface follow from the simple
J
formula
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(4.10)
Note that
[
a. (regular)1
(1. = (10 J , (j = 1,2,3)
J .8j (narrow)
(4.11)
The values of a· and .8. in Table 4.3 are computed by using the measured values
J J
of (. (j = 1,2,3) in Table 4.6 with (10 = 53.52 MPa.
J
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CHAPTER 5 - NUMERICAL RESULTS AND DISCUSSIONS
Without gomg into details, the APES [17] finite element program is
applied to obtain the nodal displacements Q in equation (3.11) for the dovetail
configurations in Figures 4.7 (regular) and 4.13 (narrow). The corresponding
strains Wand stresses {!d follow, respectively, from equations (3.5) and (3.10)
with the help of equation (3.9).
Two quantities of interest are the effective strain and strain energy density
from which information on yielding and fracture could be found. As a check,
the locations of maximum effective stress should correspond to those of
maximum of maximum strain energy density function (dW j dVHi~~~. This is
because the strain energy density criterion [8,9] determines both the potential
site of yield and fracture initiation.
5.1 Overall Evaluation
Making use of the grid patterns in Figure 4.7 for the regular dovetail and
Figure 4.13 for the narrow dovetail, the strain energy density distributions are
obtained for the four different loading cases (1), (2), (3) and (4) as defined in
Table 4.3.
Regular Size Dovetail. Displayed in Figures 5.1 to 5.4 inclusive are the
dW jdV contours for loading cases (1) to (4) of the regular size dovetail. Each
contour is labelled with the magnitude of dWjdV in units of kPa. It can be
easily seen that large values of dWjdV prevailed around the reentrant corner of
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Unit: kPa
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Figure 5.1 - Energy density contours dW/dV for regular dovetail and loading
case (1).
50
Unit: kPa
Figure 5.2 - Energy density contours dWjdV for regular dovetail and loading
case (2).
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Unit: kPa
Figure 5.3 - Energy density contours dW jdV for regular dovetail and loading
case (3).
52
e(
Unit: kPo
Figure 5.4 - Energy density contours dW/ dV for regular dovetail and loading
case (4).
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Ilug 1 for loading cases (1), (2) and (3), and of lug 2 for loading case (4). The
resolution will be refined to identify the precise locations wheredW/ dV are
elevated locally.
Narrow Size Dovetail. Similarly, dW/dV contours are obtained for the
narrow size dovetail subjected to loadings referred to as cases (1), (2), (3) and
(4). In contrast to the results in Figures 5.1 to 5.4 for the regular size dovetail,
Figures 5.5 and 5.6 reveal that energy density concentrations are highest around
the reentrant corners of lug 3 for loading cases (1) and (2). For case (3), the
dW/ dV contours tend to be intensified around the corner of lug 1. This can be
clearly seen from the results in Figure 5.7. The location of maximum dW/dV
shifts to the corner of lug 2 for loading case (4) as evidenced by the dW/ dV
contours in Figure 5.8.
5.2 Effective Stress and Energy Density Contours: Regular Dovetail
Based on the findings of the dW/dV contours in Figures 5.1 to 5.4, the
local regions of concern are the reentrant corners of lugs 1, 2 and 3. They
correspond to the elements in Figures 4.12(a) to 4.13(c) for the regular dovetail.
More specifically, the four situations to be analyzed are loading cases (1), (2)
and (3) for lug 1 and case (4) for lug 2. Computed will be the effective stress
with O"j (j = 1,2,3) being the principal stresses such that 0"3
(5.1 )
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Figure 5.5 - Energy density contours dWldV for narrow dovetail and loading
case (1).
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Unit: kPa
Figure 5.6 - Energy density contours dWjdV for narrow dovetail and loading
case (2).
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Figure 5.7 - Energy density contours dW/ dV for narrow dovetail and loading
case (3).
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Unit: kPo
Figure 5.8 - Energy density contours dW!dV for narrow dovetail and loading
case (4).
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plane strain. The strain energy density function dW/ dV follows from equation
(2.1) once the stresses o"x, O"y' o"z and O"xy are known. Nonuniformity of O"e and
Il.
dW/ dV will be analyzed by examining the contour plots.
Effective Stress. Referring to the elements 19,20,... ,26 in Figure 4.12(a) for
lug 1, the O"e contours for normal design loading case (1) in Table 4.3 are shown
in Figure 5.9. The magnitude of O"e increases with the number attached to each
2
Zone of high
distortion
Node 126
Figure 5.9 - Effective stress contours in elements 19,20, ... ,26 for lug 1 of regular
dovetail under loading case (1).
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one of the 21 contours which become more densely packed as the lug 1
boundary is approached. Two dark zones next to node 126 can be seen; they
represent regions of elevated effective stress or high distortion. At the scale
Table 5.1 - Contour values of U e in elements 19,20,... ,26 for lug 1 of regular
dovetail under loading case (1)
Contour Effective stress Contour Effective stress
No. Ue x 102 (MPa) No. lTe x 102 (MPa)
1 0.000 11 0.950
2 0.095 12 1.040
3 0.190 13 1.140
4 0.285 14 1.240
5 0.380 15 1.330
6 0.475 16 1.420
7 0.570 17 1.520
8 0.665 18 1.620
9 0.760 19 1.710
10 0.855 20 1.800
21 1.900
level observed, a maximum U e of 190 MPa occurs at contour no. 21 as indicated
in Table 5.1. This is below the yield strength of uys = 551.6 MPa in Table 4.1.
Let the load be increased three (3) times of that in normal design. The
effective stresses in elements 19,20,... ,26 would thus increase as shown by the
contours in Figure 5.10 for case (2). The locations of highly distortion regions
next to node 126 are not altered except that the intensity ofue is increased.
This can be observed from the numerical results in Table 5.2. Yielding has
occurred at contour no. 21 where U e = 570 MPa has exceeded the yield strength
of uys = 551.6 MPa.
60
Lug 1
Yield zone
Node 126
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Figure 5.10 - Effective stress contours in elements 19,20,... ,26 for lug 1 of
regular dovetail under loading case (2).
Loading case (3) corresponds to the abnormal situation where all the
contact is made on lug 1 only. The effective stress contours in elements
19,20, ... ,26 are shown in Figure 5.11. Changes in the distribution of ae are not
noticeable although the magnitudes of the contours are altered as indicated by
the data in Table 5.3. The material on the lug 1 boundary is close to yielding.
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Table 5.2 - Contour values of l7e in elements 19,20,... ,26 for lug 1 of regular
dovetail under loading case (2)
Contour Effective stress Contour Effective stress
No. ITe x 102 (MPa) No. ITe x 102 (MPa)
1 0.000 11 2.850
2 0.285 12 3.140
3 0.570 13 3.420
4 0.855 14 3.700
5 1.140 15 3.990
6 1.420 16 4.280
7 1.710 17 4.560
8 2.000 18 4.840
9 2.280 19 5.130
10 2.560 20 5.420
21 5.700
Table 5.3 - Contour values of ITe in elements 19,20, ... ,26 for lug 1 of regular
dovetail under loading case (3)
Contour Effective stress Contour Effective stress
No. ITe x 102 (MPa) No. ITe x 102 (MPa)
1 0.000 11 2.450
2 0.245 12 2.700
3 0.490 13 2.940
4 0.735 14 3.180
5 0.980 15 3.430
6 1.220 16 3.680
7 1.470 17 3.920
8 1.720 18 4.160
9 1.960 19 4.410
10 2.200 20 4.660
21 4.900
Another situation deserves attention when all the loads are concentrated on
lug 2 as in case (4). Plotted in Figure 5.12 are the ITe contours in elements
52,53, ... ,59 in Figure 4.12(b). Note that more distortion appears in region next
to node 299 on the side of node 285 as compared with that on the side of node
316. No yielding has taken place because ITe for all of the contours is below the
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Figure 5.11 - Effective stress contours in elements 19,20,... ,26 for lug 1 of
regular dovetail under loading case (3).
yield strength.
Strain Energy Density. According to equation (2.1), dW/dV can be
computed for those cases considered earlier. Contours of dW/ dV in elements
19,20,... ,26 for the regular dovetail under loading case (1) are shown in Figure
5.13. The maximum dW/dV corresponds to contour no. 7 which is located at
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Node 285
High dist ortion
Node 299
Node 316
Figure 5.12 - Effective stress contours in elements 52,53,... ,59 for lug 2 of
regular dovetail under loading case (4).
node 126 rather than to the sides where (Je maxima are located. Values of
dW/dV in Table 5.5 are small in comparison with the critical energy density
corresponding to fracture initiation.
Almost an order of magnitude increase in dW/dV occurred for loading case
(2). The distribution of dW/ dV contours is the same which can be seen from
the plots in Figure 5.14. Numerical values of dW/dV are summarized in Table
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114
Node 126
Figure 5.13 - Energy density contours in elements 19,20,... ,26 for lug 1 of
regular dovetail under loading case (1).
5.6.
The remammg two cases (3) and (4) correspond to abnormal loading.
Figure 5.15 gives the dW/ dV contours in elements 19,20, ... ,26 when contact is
made on lug 1 only. An increase in dW/dV is seen from the data in Table 5.7
as compared with those in Table 5.5 for the normal design loading condition or
case (1).
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Table 5.4 - Contour values of (J'e in elements 52,53, ... ,59 for lug 2 of regular
dovetail under loading case (4)
Contour Effective stress Contour Effective stress
No. (J'e x 102 (MPa) No. (J'e x 102 (MPa)
1 0.000 11 1.900
2 0.190 12 2.090
3 0.380 13 2.280
4 0.570 14 2.470
5 0.760 15 2.660
6 0.950 16 2.850
7 1.140 17 3.040
8 1.330 18 3.230
9 1.520 19 3.420
10 1.710 20 3.610
21 3.800
Table 5.5 - Contour values of dW/dV in elements 19,20, ... ,26 for lug 1 of
regular dovetail under loading case (1)
Contour Energy density Contour Energy density
No. dW/dV (MPa) No. dW/dV (MPa)
1 0.0040 4 0.0479
2 0.0183 5 0.0613
3 0.0327 6 0.0757
7 0.0900
Table 5.6 - Contour values of dW/ dV in elements 19,20, ... ,26 for lug 1 of
regular dovetail under loading case (2)
Contour Energy density Contour Energy density
No. dW/dV (MPa) No. dW/dV (MPa)
1 0.0350 4 0.4260
2 0.1650 5 0.5560
3 0.2960 6 0.6870
7 0.8170
The stress and energy levels become elevated if all of the loads are
transferred through lug 2 as in case (4). Large values of dW/ dV occur near
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Figure 5.14. Energy density contours in elements 19,20, ... ,26 for lug 1 of regular
dovetail under loading case (2).
node 299. This can be seen from the dW/dV contours in Figure 5.16. Refer to
Table 5.8 for the numerical values of the dW/ dV contours in Figure 5.8.
5.3 Effective Stress and Energy Density Contours: Narrow Dovetail
Manufacturing error could often result in a change of the dimensions of the
dovetail section. The example of a narrow dovetail will be examined in
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114
Node 126
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Figure 5.15 - Energy density contours in elements 19,20, ... ,26 for lug 1 of
regular dovetail under loading case (3).
Table 5.7 - Contour values of dWjdV in elements 19,20, ... ,26 for lug 1 of
regular dovetail under loading case (3).
Contour Energy density Contour Energy density
No. dWjdV (MPa) No. dWjdV (MPa)
1 0.0250 4 0.3120
2 0.1210 5 0.4080
3 0.2170 6 0.5040
7 0.6000
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316
Node 299
285
Lug 2
Figure 5.16 - Energy density contours in elements 52,53, ... ,59 for lug 2 of
regular dovetail under loading case (4).
Table 5.8 - Contour values of dWjdV in elements 52,53, ... ,59 for lug 2 of
regular dovetail under loading case (4)
Contour Energy density Contour Energy densityNo. dWjdV (MPa) No. dWjdV (MPa)
1 0.0100 4 0.1800
2 0.0667 5 0.2370
3 0.1230 6 0.2930
7 0.3500
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contrast to the regular dovetail configuration considered earlier. This is
equivalent to having a loose fit for the turbine blade. The grid patterns used to
obtain the local l7e and dW/dV are those in Figures 4.18(a) to 4.18(c). To be
examined are cases (1) and (2) at corner of lug 3; case (3) at corner of lug 1;
and case (4) at corner of lug 2.
Effective Stresses. Contours of l7e in elements 80,81,... ,87 of Figure 4.18(c)
for lug 3 subjected to case (1) loading are displayed in Figure 5.17. Highly
;J
Lug 3
High
.'-----distor tion
Node 503
Figure 5.17 - Energy density contours in elements 80,81, ... ,87 for lug 3 of narrow
dovetail under loading case (1).
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distorted zones appeared on boundary next to node 503; they are indicated by
dark regions where the contours overlapped. The intensity of these contours
increase with the numbers from 1 to 21 as given in Table 5.9. For contour no.
21, O"e is 225 MPa. Although yielding has not occurred, high distortion has
prevailed.
Table 5.9 - Contour values of dWjdV in elements 80,81, ... ,87 for lug 3 of
narrow dovetail under case (1) loading.
Contour Effective stress Contour Effective stress
No. O"e x 102 (MPa) No. O"e x 102 (MPa)
1 0.000 11 1.120
2 0.112 12 1.240
3 0.225 13 1.350
4 0.338 14 1.460
5 0.450 15 1.580
6 0.562 16 1.690
7 0.675 17 1.800
8 0.788 18 1.910
9 0.900 19 2.020
10 1.010 20 2.140
21 2.250
By increasing the design load three times, yielding along the lug 3
boundary prevailed. This corresponds to case (2) loading. The dW j dV
contours in Figure 5.18 together with the values of dWjdV in Table 5.10 show
that O"e for contours 18 to 21 inclusive has exceeded the yield strength of O"ys =
551.6 MPa.
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Table 5.10 - Contour values of dW/dV in elements 80,81, ... ,87 for lug 3 of
narrow dovetail under case (2) loading.
Contour Effective stress Contour Effective stress
No. lTe x 102 (MPa) No. lTe x 102 (MPa)
1 0.000 11 3.350
2 0.335 12 3.680
3 0.670 13 4.020
4 1.000 14 4.360
5 1.340 15 4.690
6 1.680 16 5.020
7 2.010 17 5.360
8 2.340 18 5.700
9 2.680 19 6.030
10 3.020 20 6.360
21 6.700
Lug 3
Yield zone
Node 503
Yield zone
Figure 5.18 - Energy density contours in elements 80,81, ... ,87 for lug 3 of narrow
dovetail under loading case (2).
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Lug 1 becomes the critical location for case (3) loading. The effective
stress contours in Figure 5.19 indicate yielding of the material along the
boundary where node 126 is situated. In particular, both contours no. 20 and
Lug 1
Yield Zone
Yield Zone
Figure 5.19 - Effective stress contours in elements 16,17, ... ,23 for lug 1 of narrow
dovetail under loading case (3).
21 have reached and passed the yield limit. Refer to Table 5.11 for the
numerical values of (J"e on each of the 21 contours.
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Table 5.11 - Contour values of O"e in elements 16,17, ... ,23 for lug 1 of narrow
dovetail under case (3) loading .
Contour Effective stress Contour Effective stress
No. O"e x 102 (MPa) No. O"e x 102 (MPa)
1 0.000 11 2.900
2 0.290 12 3.190
3 0.580 13 3.480
4 0.870 14 3.770
5 1.160 15 4.060
6 1.450 16 4.350
7 1.740 17 4.640
8 2.030 18 4.930
9 2.320 19 5.220
10 2.610 20 5.510
21 5.800
Suppose that all the loads are concentrated at lug 2 as in case (4) loading.
Then "attention should be focused on O"e in elements 46,47, ... ,53 shown in Figure
4.18(b). Large distortion occurs along boundary to each side of node 299 (see
Figure 5.20). Increase in intensity of O"e with distance approaching the lug 2
boundary can be best observed by referring the contours in Figure 5.20 to the
data in Table 5.12.
Strain Energy Density. For case (1) loading, the strain energy density
distribution in elements 80,81, ... ,87 for lug 3 is nearly constant except for the
region surrounding the notch boundary in Figure 5.21. The largest dW/ dV
occurred at node 503 towards node 519. Table 5.13 summarizes the magnitude
of dWjdV for the seven (7) contours.
74
Lug -2
Node 285
distortion
Figure 5.20 - Effectjve stress cont'ours jn elements 46,47, ... ,53 for lug 2 of narrow
dovetail under case (4) loading.
With an increase in the desjgn load, the magnjtude of dW/ dV everywhere
jn lug 3 is jncreased accordingly although the distributjon of dW/ dV remajns
unchanged. The djfference between the results in Figures 5.21 and 5.22 ljes
only jn a change of loadjng from case (1) to case (2). Summarized jn Table 5.14
are the contour values of dW/dV. The region next to node 503 attains a
dW/dV value of 1.16 MPa. This js nearly equal to the critical available energy
density of (dW/dV)~ = 1.39 MPa in Table 4.2. No conclusjon on fracture
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Table 5.12 - Contour values of lTe in elements 46,47, ... ,53 for lug 2 of narrow
dovetail under case (4) loading.
Contour
No.
1
2
3
4
5
6
7
8
9
10
Effective stress
ITe x 102 (MPa)
0.000
0.215
0.430
0.645
0.860
1.080
1.290
1.500
1.720
1.940
Contour
No.
11
12
13
14
15
16
17
18
19
20
21
Effective
ITe x 102 (MPa)
2.150
2.360
2.580
2.800
3.010
3.220
3.440
3.660
3.870
4.080
4.300
Table 5.13 - Contour values of dWjdV in elements 80,81, ... ,87 for'T~g 3 of
narrow dovetail under case (1) loading.
Contour Energy density Contour Energy density
No. dWjdV (MPa) No. dWjdV (MPa)
1 0.0060 4 0.0630
2 0.0250 5 0.0820
3 0.0440 6 0.1010
7 0.1200
initiation could be made because the energy density criterion [8,9] make
reference to the maximum of the minimum energy density function. This will
be elaborated in the sections to follow.
Case (3) loading corresponds to blade making contact only with lug 1.
L
Therefore, the elements of interest are no. 16,17,... ,23 in Figure 4.18(a). The
portion of the lug boundai1; on which dW jdV attains high magnitude is more
widespread although the actual value of dWjdV is lowered to 0.609 MPa as
compared with 1.16 MPa in Figure 5.22. Numerical values of dWjdV can be
r
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Node 519
Node 593
Lug 3
491
Figure 5.21 - Energy density contours in elements 80,81, ... ,87 for lug 3 of narrow
dovetail under case (1) loading.
Table 5.14 - Contour values of dW/dV in elements 80,81, ... ,87 for lug 3 of
narrow dovetail under case (2) loading.
Contour Energy density Contour Energy density
No. dWjdV (MPa) No. dW/dV (MPa)
1 0.0550 4 0.6080
2 0.2390 5 0.7920
3 0.4230 6 0.9760
7 1.1600
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High dilatation
Lug 3
491
Node 503
Figure 5.22 - Energy density contours in elements 80,81, ... ,87 for lug 3 of narrow
dovetail under case (2) loading.
found in Table 5.15.
The same prevails for case (4) loading where most of the load is transferred
through lug 2 as evidenced by the contours in elements 46,47, ... ,53. Figure 5.24
shows that dWjdV in a thin layer along nodes 316, 299 and 285 is nearly
constant. It is about 0.47 MPa for contour no. 7 as given in Table 5.16.
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Lug 1
114
142
Figure 5.23 - Energy density contours in elements 16,17, ... ,23 for lug 1 of narrow
dovetail under case (3) loading.
Table 5.15 - Contour values of dWjdV in elements 16,17,... ,23 for lug 1 of
narrow dovetail under case (3) loading
Contour Energy density Contour Energy density
No. dWjdV (MPa) No. dWjdV (MPa)
1 0.0280 4 0.3180
2 0.1250 5 0.4150
3 0.2220 6 0.5120
7 0.6090
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Lug 2
Node 285
Node
Figure 5.24 - Energy density contours in elements 46,47, ... ,53 for lug 2 of narrow
dovetail under case (4) loading.
Table 5.16 - Contour values of dW/dV in elements 46,47, ... ,53 for lug 2 of
narrow dovetail under case (4) loading
Contour Energy density Contour Energy density
No. dW/dV (MPa) No. dW/dV (MPa)
1 0.0200 4 0.2450
2 0.0950 5 0.3200
3 0.1700 6 0.3950
7 0.4700
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5.4 Minima of Energy Density
As mentioned earlier, application of the strain energy density criterion
requires a knowledge of the minima of dW/ dV with reference to the space
variables. It is the maximum among many of the minima that determines the
location of fracture initiation. Such a quantity is identified with max and min,
respectively, as superscript and subscript on the parentheses as ( )m?-x.
mIn
Referring to Figures 2.4 and 2.6, two unique quantities of (dW/dV)~~ can be
found depending on whether the reference coordinates are local or global.
Strictly speaking, dW/ dV must be minimized with reference to both variables
(x,y) or (r,O). Visual inspection from dW/dV contours would not provide
accurate results. The procedure selected involves minimizing dW/ dV with
reference to 0 for a fixed distance r.
Fracture Initiation Sites. Suppose that the locations of fracture initia1ion
are known for the eight (8) different cases: four (4) for the regular dovetail as
determined from the contours in Figures 5.1 to 5.4 and four (4) for the narrow
dovetail as found from the contours in Figures 5.5 to 5.8. Such a point, say
A(xo,yo), is illustrated in Figure 5.25. Let (xA'yA) be the local reference axes
with origin at A(xo,yo). As it is to be expected, dW/dV would decrease with
distance r away from the lug boundary.
Summarized in Table 5.17 are the coordinates (xo,yo) for the eight (8)
cases of predicted fracture initiation sites. They are referred to the coordinate
systems in Figures 4.5 and 4.6.
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Angular StationaT1J Val~es. The size of the core region ro = 0.28 mm is
. /'
\
used such that for r > ro, t~e elements would experience more dilatation than
distortion. That is, fracture initiation is assumed to take place for r equal to or
greater than roo Figure 5.26 illustrates the angular variations of dW j dV where
XA
~xo
Y LugYo rSUrfoce
0
_xl
Figure 5.25 - Local coordinates at location of potential fracture initiation.
it attains a minimum of 16 MPa at 80 = 152° in lug 1 for case (1) loading.
Similar results are shown in Figure 5.27 for cases (2), (3) and (4) with the same
fracture angle of 80 = 152°. The four (4) curves in Figure 5.28 exhibit the sharp
decay of dWjdV with the radial distance ro in the direction 80 = 152°. The
most severe energy density concentration corresponds to lug 1 under case (2)
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loading. Table 5.18 shows the minima of dWjdV at ro = 0.28 mm and 00 =
152°.
Table 5.17 - Fracture initiation sites predicted from dWjdV contours for
regular and narrow dovetail at different locations.
Case Lug Coordinates (mm)
No. No.
Xo Yo
Regular
1 1 6.932 32.840
2 1 6.932 32.840
3 1 6.932 32.840
4 2 8.419 24.511
Narrow
1 3 6.283 16.314
2 3 6.283 16.314
3 1 3.375 32.840
4 2 4.863 24.511
Table 5.18 - Minima of dWjdV at ro = 0.28 mm and 00 = 152° for regular
dovetail
Case Lug dWjdV (MPa)
No. No.
1 1 16
2 1 144
3 1 108
4 1 62
Table 5.19 - Minima of dW jdV at ro = 0.28 mm and 00 = 1520 for narrow
dovetail
Case Lug dWjdV (MPa)
No. No.
1 3 24
2 3 216
3 1 112
4 2 83
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Figure 5.26 - Variations of energy density with angle B at ro = 0.28 mm for lug
1 of regular dovetail under case (1) loading.
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Figure 5.27 - Variations of energy density with angle B at ro = 0.28 mm for
regular dovetail: lug 1 with case (2) and (3) loading, and lug 2 with case (4)
loading.
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Figure 5.28 - Energy density versus radial distance for regular dovetail: lug 1
with case (1), (2) and (3) and lug 2 with case (4) loading.
The same core region size ro = 0.28 mm is used for the narrow SIze
dovetail. Variations of dW j dV with the angle 8 at the four (4) different
locations in Table 5.17 are displayed in Figure 5.29 for case (1) and Figure 5.30
for cases (2), (3) and (4). All minima of dWjdV occurred at 80 ~ 152°; their
values can be found in Table 5.19. As the distance r is increased beyond ro,
dW j dV decreases rapidly for all cases of loading as indicated by the curves in
Figure 5.31.
5.5 Local and Global Energy Density
.
The values of (dW jdV)min found in Table 5.18 for the regular dovetail
and Table 5.19 for the narrow dovetail are the maximum of the minimum
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Figure 5.29 - Variations of energy density with angle e at ro = 0.28 mm for lug3 of narrow dovetail under case (1) loading.
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Figure 5.30 - Variations of energy density with angle e at ro = 0.28 mm for
narrow dovetail: lug 1 with case (1), lug 2 with case (4) and lug 3 with case (2)
loading.
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Figure 5.31 - Energy density versus radial distance for narrow dovetail: lug 1
with case (3), lug 2 with case (4) and lug 3 with case (1) and (2) loading.
dW/ dV referred to the local coordinates. Hence, the subscript L will be used to
distinguish them as such, i.e., [(dW/dV)~i:JL' The global maximum of
minimum dW/dV or [(dW/dV)~i:JG can be found from Figures 5.1 to 5.4 for
the regular dovetail and Figures 5.5 to 5.8 for the narrow dovetail. The
locations of [(dW/dV)~i:JL to be denoted by (xL'YL) and of [(dW/dV)~i:JG
by (xG,yG) for the eight different cases are given in Table 5.20. Once Land G
are known, the distance e between Land G follows; they are determined in
Table 5.20. The largest e = 7.93 mm for the regular dovetail correspond to case
(4) for lug 2 although the prevailing energy density is not the highest. Lug 3 for
the narrow dovetail with case (1) and (2) loading is relatively unstable when
compared to case (3) and (4) for lug 1 and 2, respectively. The situations
described are summarized in Figure 5.32 for the regular dovetail and Figure
87
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Table 5.20 - Locations of local and global (dW/ dV)~i: for the regular and
narrow dovetail under different loading conditions
Case Lug Coordinates (mm) Stability
No. No. index
Local Global e (mm)
xL YL xG YG
Regular
1 1 6.684 32.974 0.247 32.631 6.45
2 1 6.684 32.974 0.247 32.631 6.45
3 1 6.684 32.974 0.247 33.612 6.47
4 2 8.172 24.642 0.247 24.990 7.93
Narrow
1 3 6.036 16.445 0.853 15.684 5.24
2 3 6.036 16.445 0.853 15.684 5.24
3 1 3.128 32.974 0.150 34.700 3.44
4 2 4.616 24.642 1.110 25.888 3.72
5.33 for the narrow dovetail. The line Ak to Bk is directed through Land Ak
to Ck through G with Ak being the common point on the lug boundary where
ro is referred to. The subscripts k = 1,2,3 and 4 refer, respectively, to the four
(4) loading cases (1), (2), (3) and (4) in Table 4.3. Recall that the angle 80 of
line AkBk is 152
0 for all cases k = 1,2,3 and 4. This, however, does not hold for
the line AkCk where Ck terminates at G.
It is also worthwhile to examine the magnitude of [(dW/ dV)~i~]L and
[(dW/ dV)~i:]G. They are given in Table 5.21. The largest difference between
the local and global energy density corresponds to case (2) loading for both the
regular and narrow dovetail. The energy release rate S in equation (2.4) can be
computed from a knowledge of the variations of dW/dV with r. An
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Figure 5.32 - Predicted directions of Land G for regular dovetail under loading
cases (1) to (4).
approximate value of S could be obtained by assummg a linear variation of
dW/dV while the terminal points are given in Table 5.21.
According to the findings in Tables 5.20 and 5.21, lug 3 for case (2) is most
undesirable because [(dW]dV)~i~]L and e are both the largest. The narrow
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Table 5.21 - Magnitude of local and global energy density for regular and
narrow dovetail under different loading cases.
Case Lug Energy density (kPa)
No. No.
[(dW/dV)~i;jL [(dW/dV)milxjmIll G
Regular
1 1 16 0.025
2 1 144 0.222
3 1 108 0.040
4 2 62 0.384
Narrow
1 3 24 2.86
2 3 216 25.8
3 1 112 2.58
4 2 83 1.82
dovetail configuration is more proned to failure by fracture.
5.6 Core Region
One way for determining the core region size ro in Figure 5.25 is to plot
(dW/dV)v/(dW/dV)d as a function of the radial distance r. Close to the lug
boundary, this ratio is relatively small because distortion is large, i.e., the
distortional energy density component (dW/dV)d would exceed the dilatational
energy density component (dW/dV)y.. The distance at which
(dW/dV)v/(dW/dV)d equal to or slightly greater than unity could be selected
as ro where dilatation is greater than distortion. Such an energy state favors
failure by fracture initiation.
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Figure 5.33 - Predicted directions of Land G for narrow dovetail under loading
I cases (1), to (4).
Since dW j dV can be divided into two parts as
(5.2)
Equation (2.1) can thus be used to give (dWjdV)v and (dWjdV)d as
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(dW) _ (1- 2v)(1 + v)2 ( )2dV V - 6E lTX+lTy
and
for plane strain.
(5.3)
(5.4)
Regular Size Dovetail. Plotted in Figure 5.34 are the variations of the
dilatational/distortional energy density ratio with the radial distance r. The
l 080 = 152.0
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Figure 5.34 - Dilatational/distortional local and global energy density ratio
versus radial distance for cases (1) and (2) of regular dovetail.
solid curve corresponds to data along the line AiBi with (J~ = 1520 as shown in
92
Figure 5.32 for case (1). The dotted curve represents data along the line AIC I
with og = 181.7". When (dW/dV)v = (dW/dV)d' the solid and dotted curve
gives, respectively, r = 0.268 mm and 0.436 mm. The same results are
obtained for case (2). For case (3), Figure 5.35 shows that the curves along the
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Figure 5.35 - Dilatational/distortional local and global energy density ratio
versus radial distance for case (3) of regular dovetail.
lines A3B3 with ()~ = 1520 and A3C3 with og = 173.40 are nearly the same up to
(J = 0.25 mm. The same holds for case (4) in Figure 5.36 where deviations of
the solid and dotted curve occur for r beyond 0.26 mm. Table 5.22 gives a
summary of the radial distance r at which (dW/dV)v = (dW/dV)d'
Narrow Size Dovetail. Similar results are found for the narrow SIze
dovetail at the locations gIven in Figure 5.33. The curves for
(dW/dV)v/(dW/dV)d as a function of the radial distance r are plotted in
Figure 5.37 for cases (1) and (2); Figure 5.38 for case (3); and Figure 5.39 for
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Figure 5.36 - Dilatational/distortional local and global energy density ratio
versus radial distance for case (4) of regular dovetail.
Table 5.22 - Radial distance for equal dilatational and distortional energy
density in directions of Land G for regular dovetail and different loading cases
Case Lug Local Global
No. No. o~ (deg.) e~ (deg.)r (mm) r (mm)
1 1 0.268 1520 0.436 181.T
2 1 0.268 1520 0.436 181.70
3 1 0.250 1520 0.270 173.40
4 2 0.224 1520 0.245 176.T
case (4). In each case, the dilatational/distortjonal energy density ratios in the
Land G direction are nearly equal. Hence, the values of r at w·hich (dW/ dV)v
= (dW/ dV)id are also the same as shown in Table 5.23.
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Figure 5.37 - Dilatational/distortional local and global energy density versus
radial distance for cases (1) and (2) of narrow dovetail.
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Figure 5.38 - Dilatational/distortional local and global energy density versus
radial distance for case (3) of narrow dovetail.
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Figure 5.39 - Dilatationaljdistortional local and global energy density versus
radial distance for case (4) of narrow dovetail.
Table 5.23 - Radial distance for equal dilatational and distortional energy
density in directions of Land G for narrow dovetail and different loading cases
Case Lug Local Global
No. No. o~ (deg.) og (deg.)r (mm) r (mm)
1 3 0.250 1520 0.280 186.60
2 3 0.250 1520 0.258 186.60
3 1 0.227 1520 • 0.255 150.1"
4 2 0.249 1520 0.227 160.00
In retrospect, the value of 0.28 mm being the upper bound is chosen for the
radius of the core region such that failure initiation by fracture would occur in
regions where dilatational effect would dominate, i.e., (dW jdV)v > (dWjdV)d'
96
5.7 Local Hydrostatic Stress State
It is also of interest to examme the ratio of the normal stress uojur at
locations of fracture initiation. They correspond to the points Ak (k = 1,2,... ,4)
in Figure 5.32 for the regular dovetail and in Figure 5.33 or the narrow dovetail.
The stresses U r and Uo can be obtained from ux , uy and uxy as
2 . 2 . 2
ur = uy cos 0 + ux sm 0 + uxy sm 0
(5.5)
2 . 2 . 2
u0 = uy cos 0 + ux sm 0 - uxy sm 0
y
~__--l------i_ X
Lug
surface
Figure 5.40 - Tangential and radial stress components near failure initiation.
in which B is the angle defined in Figure 5.40. Without going into details, the
ratio uojur is computed as a function of the radial distance r in the direction of
Land G which are distinguished by the angles o~ and o~, respectively.
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Regular Size Dovetail. Referring to Figure 5.32, four different cases (1),
(2), (3) and (4) are considered. Shown graphically in Figures 5.41 are the
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"
...
....... - 8G
• - - .. - -- ...-- • 0'= 181.7°
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Figure 5.41 - Variations of stress ratio (J~/(Jr with distance r for lug 1 of regular
dovetail under case ~1) and (2) loading.
variations of (J0/(Jr with r for lug 1 under case (1) and (2) loading. The solid
curve is for o~ = 152.0° and dotted for off = 181.T; they both decrease rapidly
as the distance r is increased. This is to be expected as (Jr --+ 0 near the free
surface. The ratio (J0/ (Jr in the direction of L is always larger than that in the
direction of G. Figure 5.42 gives the results for lug 1 subjected to case (3)
loading. The same feature of decreasing (Jo/(Jr with distance is observed.
Plotted in Figure 5.43 are values of (J0/ (Jr versus r for lug 2 and case (4) loading.
Outlined in Table 5.24 are (J0/ (Jr at ro = 0.28 mm and o~ = 152".
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Figure 5.42 - Variations of stress ratio (J"0/ (J"r with distance r for lug 1 of regular
dovetail under case (3) loading.
Table 5.24 - Normal stress ratio at ro = 0.28 mm and 0& = 152° for regular
dovetail under different loading conditions
Case Lug (J"0/ (J"r
No. No.
1 1 1.8
2 1 1.8
3 1 1.3
4 2 1.4
Narrow Size Dovetail. For the narrow size dovetail, Figure 5.44 displays
the decay of (J"o/(J"r in lug 3 for case (1) and (2) loading, Figure 5.33. The
normal stress .ratio is nearly constant in the direction of G with og = 186.6° in
1ft
contrast to the rapid decay of (J"0/ (J"r in the L direction where o~ = 152°. Under
case (3) loading, large stresses occur in lug 1. As 0& ~ og, the solid and dotted
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Figure 5.43 - Variations of stress ratio (J"of (J"r with distance r for lug 2 of regular
dovetail under case (4) loading.
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Figure 5.44 - Variations of stress ratio (J"~f(J"r with distance r for lug 3 of narrow
dovetail under case t1) and (2) loading.
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curves are nearly~~nt, Figure 5.45. Similar conclusions can be drawn for
the data in Figure 5.46 that correspond to U 01Ur in lug 2 under case' (4) loading.
20
16
8
4
eg =' 150.1°
e~ = 152.0°
o 2.5 5.Q/ 7.5 10 12.5 15
Dist~-2 (em)
/
Figure 5.45 - Variations of stress ratio U 01U r with distance r for lug 1 of narrow
I dovetail under case (3) loading.
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Figure 5.46 - Variations of stress ratio uolur with distance r for lug 2 of narrow
dovetail under case (4) loading.
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Values of rr()/rrr at ro = 0.28 mm and ()~ = 1520 are given in Table 5.25. Note
that a hydrostatic stress state prevailed for case (3) and (4) loading.'
Table 5.25 - Normal stress ratio at ro = 0.28 mm and ()~ = 1520 for narrow
dovetail under different loading conditions
Case Lug rr()/rrr
No. No.
1 3 2.0
2 3 2.0
3 1 1.0
4 2 1.0
300
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Figure 5.47- Angular variations o£ tangential stress at fO = 0.28 mm for regular
dovetail under case (1), (2), (3) and (4) loading.
5.8 Maximum Tangential Stress
Referring to Figure 5.40, the tangential stress component cr () is computed as
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a function of the angle B for ro = 0.28 mm. The four curves corresponding to
J
case (1), (2) and (3) for lug 1 and case (4) for lug 2 are shown in Figure 5.47.
(dW/dV)mln
(CTe)max
-
---
-
-
-~-
--
..-
Go - - -- --[--
Crack
trajectory
Lug
Bou ndary
Figure 5.48 - Direction of failure initiation and predicted fracture path.
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Figure 5.49 - Angular variations of tangential stress at ro = 0.28 mm for narrow
dovetail under case (1), (2), (3) and (4) loading.
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They all peak at Om ~ 154° which is only slightly different from O~ ~ 152°.
That is, the location of fracture initiation based on the maximum tangential
stress and strain energy density criterion is nearly the same. The direction Om
or O~ may not correspond to the path of fracture as illustrated in Figure 5.48.
Finally, Figure 5.49 displays the results for the narrow section dovetail.
The magnitudes of lYo are ranked in the order of case (2), (3), (4) and (1) as for
the regular dovetail in Figure 5.47. However, the location of lYo maximum
prevails in lug 3 for the narrow dovetail in contrast to lug 1 for the regular
dovetail. The relevance of these predictions remains to be verified.
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CHAPTER 6 - CONCLUSIONS AND FUTURE WORK
Assessment has been made on the possible fracture initiation sites of a
second stage three-lug dovetail Westinghouse LP steam turbine rated at 1000
MV. Overcut of the dovetail section is assumed such that the load bearing
areas between the blade and dovetail lugs would alter in comparison with the
design conditions. Change in geometry and loadings are analyzed by
application of the finite element method in conjunction with the strain energy
density failure criterion. Results are made with reference to the normal size
and narrow size (undercut) dovetail. No a priori assumptions need to be made
on the location of failure initiation and/or the path of fracture.
Crack trajectories and the corresponding failure stability characteristics are
found for the regular and narrow dovetail configurations. Observed fracture
failure patterns are predicted. They are referred to in Figure 6.1 as type I
cracks. Based on the predictions in Tables 5.20 and 5.21 made from the strain
energy density criterion, the largest [(dW/dV)~i~~k = 216 kPa corresponds to
case (2) loading for the narrow dovetail and e = 5.24 mm. Qualitatively
speaking, this is the worse situation since both [(dW/dV)~i~JL and e are the
greatest. It is vulnerable to failure by fracture at lug 3 as indicated in Figure
6.1. Case (2) loading is also most severe for the regular dovetail except that
[(dW/dV)m?-xJL = 144 kPa is the largest in lug 1. Such failure can again bemm
seen from the in-service observations in Figure 6.1. Type II cracks are not
included in this analysis.
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Blade
Figure 6.1 - Observed locations of dovetail cracks in Westinghouse LP turbine
. rotors [3].
6.1 Proposed Methodology
The proposed methodology appears to be valid as the predictions on the
crack trajectories coincide with those observed in service. In particular, the
strain energy density criterion can consistently predict the locations of yield and
fracture initiation in addition to the path of cracking without invoking
additional assumptions. The equivalence of local dilatational and distortional
energy density determines the size of the core region. More specifica!ly, Figure
6.2 displays the variations of the dilatational/distortional energy density ratio
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Figure 6.2 - Variations of dilatational/distortional energy density ratio with
distance for regular and narrow dovetail under different loading conditions.
(dW/dV)v/(dW/dV)d with the radial distance r along the direction of local
(dW/dV)~i; for the regular and narrow size dovetail under the case (1), (2),
(3) and (4) loading. All the curves tend to increase with r in a narrow band up
to the point (dW/ dV)v = (dW/ dV)d' This indicates that, indeed, a small
region r = ro could be defined..
A failure instability index e is also determined in Table 5.20 for the eight
(8) different cases. The length e is proportional to the path of crack growth.
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Comparing the values of e in Table 5.20 with the ligament width of the lugs in
Figure 4.5 (regular) and Figure 4.6 (narrow), it is seen that cracking would have
extended to the center line if the critical condition is reached. According to the
strain energy density criterion, it would be desirable to keep e small so that
failure would be localized.
6.2 Plasticity and Dynamic Effects
Local yielding at the dovetail section has been neglected,. This, however,
may not always be justified if the local contact area is reduced. In particular,
local deformation of the blade should also be considered as it would interact
with that of the dovetail for each increment of loading. The ASTM A470
material for the dovetail is highly nonlinear as evidenced by the true stress and
true strain curve in Figure 4.3. Estimate of (dW/ dV)~ = 1~39 MPa in Table
4.2 is not accurate. This is why no quantitative assessment of failure could be
made. There is no difficulty to apply the strain energy density criterion [13] to
the incremental theory of plasticity. Moreover, only static loading is
considered. The possibility of alternating and suddenly applied load could arise
from unsteady steam force and dynamic impact. They would affect the failure
characteristics. These effects are beyond the scope of this thesis and left for
future investigation.
6.3 Environmental Factors
The dovetail and blade are exposed to aggreSSIve environments. Stress
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corrosIOn cracking and corrOSIOn fatigue occur frequently in the nuclear LP
steam turbine. Resistance of material to failure could be reduced drastically,
the amount of which d~pend on the service conditions. For example, the stress
corrosion cracking rate is affected by the oxygen and chloride contents in the
wet steam. Because of the complexity involved to account for environmental
factors, available approaches are empirical in character. There is the need to
better understand the fundamental mechanisms governing stress corrosion
cracking in steam turbines.
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CHAPTER 7 - APPENDICES: FORCE CALCULATION AND LOCAL
LOAD DISTRIBUTION
The turbine rotates at high speed as driven by the steam jet. Forces are
thus transmitted to the dovetail section through the blades causmg a
nonuniform distribution of contact stresses owing to the highly irregular shape
of the lugs as shown in Figure 4.1. This is evidenced by the different load
factors (1'. and fl· in Table 4.3.
J J
7.1 Appendix A: Force Calculation
Two types of forces will be considered. They are referred to as the
centrifugal inertia force fc and tangential/radial force ft / a.
Centrifugal Force. As the turbine rotor rotates at 1,800 rpm, there results
a centrifugal force of the amount
(7.1 )
having the unit of N (Newton). In equation (7.1), the blade weight is W
b
=
0.445 kg (or 0.586 kg for a special type); the radial distance Rc = 1.32m is the
radial distance from the mass center to rotor center in Figure 4.1; and w stands
for the angular speed in radians per sec. The acceleration of gravity is g. Based
on these data, the following results are obtained:
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f
c
= {24.59 kN (Regular blade)
27.10 kN (Special blade) (7.2)
Tangential/Radial Force. Figure 7.1 shows a typical nozzle-blade
configuration. The conceptual flow path at a given stage consists of a row of
Nozzle - __~ 1- -- Blade
,
I
Rotor center
Figure 7.1 - Schematic of nozzle-blade configuration.
nozzles, stationary blades and a row of moving blades. The thermodynamic and
aerodynamic properties are calculated at the inlet and exit end of nozzles and
blades.
For a 1000 MW LP Westinghouse tandem compound nuclear turbine, the
thermodynamic properties can be obtained from a heat balance consideration.
The enthalpy difference across the second stage is given by
(7.3)
III
with a corresponding mass flow rate of
ID2 = 1.002 x 106 kg/hr. (7.4)
The power of the-second stage can be obtained from equations (7.3) and (7.4) as
(7.5)
The total force ftja acting on the blade as exerted by the steam is assumed
to be uniform and concentrated on the mean diameter of the blade. It has two
~ components ft (tangential) and fa (radial). It follows that
(7.6)
where nb = 256 stands for the number of blades. This gives ft = 167.7 N. The
axial force is given by
(7.7)
with sp = 7fd/nb being the pitch on the mean diameter d = 2.640m. The mean
height of the blade is hb = 0.095m. For reaction blades, the pressure drop
across the second stage is taken as 50% of the pressure drop ~p = 0.207 MPa,
. (2) - /2 HI.e., 6.p - 6.p . ence,
(7.8)
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Note that both ft and fa are several orders of magnitude smaller than fc in
equation (7.2); they can be neglected. A radial state of loading can thus be
assumed in Figure 4.1. This justifies solving for only one-half of the dovetail
configuration.
7.2 Appendix B: Local Load Distribution
The dovetail section in Figure 7.2(a) is idealized into the configuration in
Figure 7.2(b) so as to simplify the computation. Figure 7.2(c) shows the
eguivalent horizontal and vertical stiffnesses of the lugs; they are represented by
the springs Kj and kj (j = 1,2,3). Tables 7.1 and 7.2 give the dimensions of the
Table 7.1 - Dimensions of actual dovetail [!QJ (regular) in Figure 7.2(a)
Vertical dimensions (mm) Horizontal dimensions (mm)
€1 = 22.39 L1 = 9.04 G= 3.216 K = 14.074 d1 = 10.81 D1 = 16.93
€2 = 13.35 L2 = 8.21 H = 12.253 L = 22.149 d2 = 7.60 D2 = 13.95
€3 = 5.14 L3 = 5.14 I = 20.465 M= 25.603 d3 = 4.70 D3 = 11.11
J = 5.621 N = 30.73
..-----./
Table 7.2 - Dimensions of idealized dovetail (regular) in Figure 7.2(b)
Vertical dimensions (mm) Horizontal dimensions (mm)
hI = 2.81
€1 = 22.39 L1 =9.04 d1 = 10.81 D1 = 16.93
h2 = 3.38 €2 = 13.35 L2 = 8.21 d2 = 7.60 D2 = 13.95
h3 = 4.84 €3 = 5.14 L3 = 5.14 d3 = 4.70 D3 = 11.11
N = 30.73
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(a) Dovetail section
~I
H
A
I
(b) Idealized model (c) Spring model
Figure 7.2 - Idealized model of dovetail section.
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Igeometric parameters for the actual and idealized dovetail, respectively. The
-',
special blade roo~ is wider such that dj and Dj are 3,56 mm larger than those of
\fegular blade. The parameter rd = 64.99 mm in Figure 7.2 is the distance from
the e.g. of blade to blade root serving as the moment arm. The notations ei (i
= 1,2,3) used in Tables 7.1 and 7.2 should not be confused with the failure
instability index ei in Figures 5.32 and 5.33.
Dovetail Stiffness. Loading on the three (3) lugs of dovetail due to
centrifugal force is transmitted by the blade root. Each section can be
simulated by an upside-down "L" shape beam which simultaneously subjects to
a pulling force on the vertical portion yy, and bending force on the horizontal
portion xx. The schematic drawing of the jth lug is shown in Figure 7.3.
The equiyalent width Wi of the idealized lugs (i = 1,2,3) can be obtained as
(7.9)
where sd = 30.734 mm is the dovetail pitch. The force per unit length qi (i =
1,2,3) acting on the lugs in Figure 7.3 can be written as
F·
q. = -DId i = 1,2,3
1 • - .'
1 1
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(7.10)
y
D· -d·I I
2
x x h·e I
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E qj
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>..,
(f)
'+- t·0 I
(])
C
~
Figure 7.3 - Schematic of idealized lug subjected to centrifugal force.
in which
(7.11)
Here, Fy can be taken as unity for determining the proportion of the forces on
each lug. In equation (7.11), the contractions
(7.12)
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have been made. The locations of A and B are shown in' Figure 7.2(c). The
equivalent stiffness coefficients Ki are given by
F·
K=-.! i 123
1 Yi' =" (7.13)
where y. represents the deflection at the end e of the idealized lug in Figure 7.3.1 .
Using beam bending theory1 it is found that
F·e. q.[(D. - d.)/2]4
y. = 1 1 + 1 1 1
1 2EZbw. SEI.1 1
(7.14)
The thickness of the blade root Zb = 3.97 em is used and E is the Young's
modulus of the dovetail material. The moment of inertia Ii is
Blade Stiffness. For the blade root at each lug section
equivalent stiffness kj can be found as
EA.k- =_1
1 L.
1
(7.15)
1,2,3, the
(7.16)
where E is the Young's modulus of the blade which is nearly equal to that of
the dovetail. The equivalent cross-sectional area Aj should not be confused
with the locations of fracture initiation in Figures 5.32 and 5.33. Hence, there
results
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(7.17)
Load Distribution. Making use of the data in Tables 7.1 and 7.2 with Fy =
1 in equation (7.11), centrifugal load distribution on each lug in percentage is
fou~ld as in Table 7.3. Multiplying fc = 24.59 kN in equation (7.2) by the
Table 7.3 - Centrifugal load distribution on lug in percentage (%)
Dovetail
type
Regular
Narrow
Lug 1
(top)
39.28
28.84
Lug 2
(middle)
30.88
28.75
Lug 3
(bottom)
29.84
42.41
Table 7.4 - Force on each lug (kN)
Dovetail Force Fj (kN)type
F 1 (lug 1) F2 (lug 2) F3 (lug 3)
. Regular 9.66 7.60 7.34
Narrow 7.09 7.80 11.50
respective factors in Table 7.3 yields the force distributed on each of the lugs.
The results are summarized in Table 7.4. With one-half symmetry, Fj in Table
7.4 is reduced by 50%. the results correspond to those in Table 4.4.
-.(
)
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